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Eight bluff body and swirl turbulent diffusion flames resembling the flow field and
combustion inside gas turbine combustors are simulated and the simulation results are
compared with experimental data. It is revealed that the original modified EDM model
could not predict the temperature profile accurately. A more accurate model is developed
and validated for gas turbine combustion application. However, this model under predicts
the flame temperature for the regular round jet flames indicating that no universal form of
the modified EDM model could be achieved for the combustion simulation of both gas
furnaces and gas turbines.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The Eddy Dissipation Model (EDM) is based on three assumptions: (1) the combustion reaction rate is infinitely fast;
(2) the fuel consumption rate in turbulent diffusion flames is solely determined by the turbulent mixing rate of fuel and
oxidizer; and (3) the fuel consumption rate is inversely proportional to the turbulent time scale (turbulent kinetic energy
divided by turbulent dissipation rate). According to these assumptions, Magnussen and Hjertager [1] gave the following fuel
reaction rate expression:
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where f is the fuel; o is the oxidizer; p is the product; S is the stoichiometric mass ratio of oxidizer to fuel; ρ is the
density; ε is the turbulent dissipation rate; k is the turbulent kinetic energy; Y is the mass fraction; constants A¼0.4 and
B¼0.5. The constant B is designed for the simulation of premixed flames; only constant A is needed in the simulation of
diffusion flames. The EDM model has been implemented in major commercial CFD software such as Fluent, Star-CD, and
CFX; it has been used extensively in numerous CFD applications including gas turbine combustions [2–4].
Wang [5] has simulated 11 standard flames including 7 regular round jet flames and 4 opposed jet flames with the EDM
model and compared the simulation result with experimental data. It is shown that the model with A¼4 predicts flameer Ltd. This is an open access article under the CC BY-NC-ND license
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the optimal A value varies with individual flame and correlates with the turbulent Reynolds number in the reaction zone of
the flames (the higher the Reynolds number, the smaller the A value). Inspired from the correlation of optimal A value with
turbulent Reynolds number, Wang [5] proposed and validated the modified EDM model for diffusion flames
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where μ is the dynamic viscosity. Unlike the standard EDM model where a constant A is used in combustion zone, the
modified EDM model uses variable A value in combustion zone; the local A value is determined by the local turbulent
Reynolds number. The model has been validated by the 7 regular round jet flames with the turbulent Reynolds number 90–
160 and the 4 opposed jet flames with the turbulent Reynolds number 30–40; the model predicts the flame temperature
pretty well.
The combustion inside a gas turbine combustor has two features: (1) it is a high turbulent Reynolds number diffusion
flame and (2) the bluff body and swirling primary air flow generate a large recirculation zone. To improve the simulation
accuracy of the modified EDM model in gas turbine combustion applications, the model is further modified and validated
with the jet flames with bluff body and the jet flames with both bluff body and swirl flow measured by Masri et al. [6]. The
detailed geometry of the burners and the measured flame structure (temperature and species concentration data at dif-
ferent locations) can be obtained on their website [6] and a brief description of the burners is presented here. The bluff body
burner consists of a circular bluff body (diameter¼50 mm) with an orifice at its center for the fuel (diameter¼3.6 mm). A
recirculation zone is formed to produce hot combustion product to stabilize the flame. The jet flow penetrates through the
recirculation zone and forms a jet-like flame further downstream. The swirl burner (Fig. 1) is formed by adding an annularFig. 1. The Sydney swirl burner. Reprinted from Ref. [7] with permission from Elsevier.
Table 1
Description of the 8 turbulent diffusion flames.
Burner Fuel velocity
(m/s)
Fuel molar
composition
Coflow air velo-
city (m/s)
Swirl flow normal
velocity (m/s)
Swirl flow tangential
velocity (m/s)
Turbulent Re in re-
action zone
Optimal A
value
1 Bluff 118 50% H2, 50% CH4 40 135 1.0
2 Bluff 178 50% H2, 50%CH4 40 146 0.7
3 Bluff 214 50% H2, 50% CH4 40 210 0.3
4 Swirl 32.7 100% CH4 20 38.2 19.1 90 0.8
5 Swirl 88.4 100% CH4 20 38.2 19.1 132 0.6
6 Swirl 140.8 50% H2, 50% CH4 20 42.8 13.8 170 0.5
7 Swirl 140.8 50% H2, 50% CH4 20 29.7 16 125 0.8
8 Swirl 226 50% H2, 50% CH4 20 29.7 16 240 0.3
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out, the swirl burner generates a flow field very similar to the typical flow field inside gas turbine combustors. Simulations
of the 8 flames including the 3 bluff body flames and the 5 swirl flow flames (Table 1) are used to improve and validate the
modified EDM model.2. CFD setup
The commercial software Star-CD is used for the CFD simulation here. The high Reynolds number K-Epsilon turbulence
model is used for all the flames; this turbulence model can predict accurate momentum spreading and has been extensively
used in round jet flows. The boundary condition has been set up according to experimental data. Some experiments did not
provide turbulence boundary condition, so the turbulence intensity of 5% and the turbulence length scale of 10% of the
nozzle diameter are used. Since turbulence is mainly generated by the shear flow of different streams, CFD simulation result
is not sensitive to turbulence boundary condition; different turbulence boundary conditions have been tried to verify this
insensitivity.
The transport properties such as dynamic viscosity, thermal conductivity, and mass diffusivity are strong functions of
temperature and gas composition; however, the transfer of momentum, energy, and species in turbulent flames are mainly
realized by turbulent mixing; so the transport properties are set to constant: dynamic viscosity 1.81E5 Pa s, thermal
conductivity 0.0264 W/m/K, and species diffusivity 3.0E5 m2/s. Accurate transport setup, including mixture property
calculation with mixture averaging rules, dynamic viscosity and thermal conductivity calculation with polynomial functions
of temperature for each species, and binary mass diffusivity calculation with kinetic theory, has been used to test the
insensitivity of simulation result to transport properties.
The specific heat of species is very important for temperature prediction accuracy. Normally, the NASA 7 coefficient
polynomial function is used in Star-CD, and the polynomial function calculates specific heat and enthalpy accurately.
However, a combustion simulation with the EDM model does not consider the dissociation of combustion product such as
H2O and CO2; so the predicted flame temperature is higher than its real value. To compensate this discrepancy, the en-
thalpy–temperature polynomial functions of O2, H2O, N2, and CO2 have been modified to reflect the temperature drop by
dissociation (only for the temperature range 1000–5000 K). With the CHEMKIN EQUIL package, the dissociation compen-
sation can be realized easily; for example, an equilibrium composition and temperature calculation (constant pressure and
enthalpy condition) for 3000 K H2O is set up; the calculated equilibrium temperature with dissociation is 2578.4 K; by this
way, the temperature and enthalpy data after dissociation is obtained. By polynomial function fitting with enough dataFig. 2. The mesh and boundary setup for swirl flow simulations.
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The 8 tested flames are pretty small and their radiation optical thickness is very tiny. The thermal radiation loss of
combustion product (H2O and CO2) is counted as a heat sink in the enthalpy equation; and the heat sink is calculated in a
user subroutine with the optically thin radiation model (the Planck mean absorption coefficient for H2O and CO2 is from
Tien [8]). For H2 fuel, the one step reaction H2þ0.5O2¼H2O is used; for CH4 fuel, the one step reaction CH4þ2O2¼CO2 þ
2H2O is used.
Since the flame is axisymmetric, a 5 degree sector is modeled in the azimuthal direction. Fig. 2 shows the mesh and
boundary setup for the swirl flow simulations. The axial domain covers 2400 mm and the radial domain covers 65 mm. The
structured mesh contains 82,500 cells (750 axial cell layers, 110 radial cell layers, 1 azimuthal cell layer). The mesh next to
the axis is triangular prism and all other mesh is hexahedron. The mesh size is not uniformly distributed; 2 mm axial size is
used close to the inlets and 4 mm axial size is used away from the inlets. 0.36 mm radial size is used for the fuel inlet,
0.5 mm radial size is used for the swirl flow inlet, and 0.7 mm radial size is used for the coflow inlet. The mesh in-
dependence has been tested by changing mesh density.
The mesh and boundary setup of the bluff body flow simulations are similar to those of the swirl flow simulations except
that there is no swirl flow inlet boundary. The axial domain covers 1500 mm, the radial domain covers 152.5 mm, and the
azimuthal domain covers 5°. The structured mesh contains 196,000 cells (1400 axial cell layers, 140 radial cell layers,
1 azimuthal cell layer). The mesh is also not uniformly distributed and is finer where combustion occurs and strong gra-
dients exist.3. Result and discussion
Similar to Wang [5], the constant optimal A values are searched for the 8 flames to match the measured temperature
profile. The optical A values are shown in Table 1. The turbulent Reynolds numbers in reaction zone are also shown in
Table 1. The turbulent Reynolds number is calculated with Eq. (5) and the reaction zone is defined as the region where
reaction rate is more than 1% of its peak value. If multiple reactions are involved, there are multiple reaction zones. The
average value of the median turbulent Reynolds number of all reaction zones is used as the turbulent Reynolds number of
the flame. It can be seen clearly that the optimal A value is strongly correlated with the turbulent Reynolds number.
Generally, the flame with higher turbulent Reynolds number has lower optimal A value and vice versa. Fig. 3 shows the
correlation of optimal A value with turbulent Reynolds number in reaction zone; the data of the 7 regular jet flames in Wang
[5] is also shown in the figure; the 15 flames have the turbulent Reynolds number in the range of 90–240; they are the
turbulent combustion with high turbulence strength which corresponds well with the real condition in industrial gas
furnaces and gas turbine combustors.
The modified EDM model (Eqs. (3)–(5)) can predict the flame temperature very well for the 7 regular round jet flames;
the flame temperature simulation error ranges from 0 K to 67 K with the average value 37 K [5]. As will be seen later, this
model does not predict the bluff body flames and the swirl flames well. An accuracy improved model is needed for better
prediction of gas turbine combustion. Similar to Eq. (4), an Alocal¼a/Rebt,local equation is searched to satisfy the simulation
accuracy of the 8 flames to extend the application of the modified EDM model to gas turbine combustion simulations. From
Fig. 3, the a value could be guessed around 300 and the b value could be guessed around 1.2; so we test several options with
a¼330 and b¼1.1, 1.125, 1.15, and 1.2.
For the bluff body flames, Masri et al. [6] have measured the radial temperature profile at different axial locations
(Z¼13 mm, 30 mm, 45 mm, 65 mm, 90 mm, 120 mmwhere the axial coordinate Z originates at the fuel nozzle exit). Figs. 4–
7 show the comparison of the radial temperature profiles at the different axial positions among the experimental data and
the simulation data with different A expressions. It is observed that the original modified EDM model with AlocalFig. 3. The correlation of optimal A value with turbulent Reynolds number in reaction zone.
Fig. 4. The radial temperature profile comparison at Z¼65 mm of flame 1 (bluff body 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
Fig. 5. The radial temperature profile comparison at Z¼90 mm of flame 1 (bluff body 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
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3 shown in Fig. 7. Among all the proposed A expressions, the simulation with Alocal¼330/Re1.15t,local matches the experimental
data the best in Figs. 4 and 6; the simulation with Alocal¼330/Re1.2t,local matches the experimental data the best in Figs. 5
and 7. In fact, the simulation result differences for all the bluff body flames with these two expressions are not large, we
could conclude that both of them work well for the bluff body flames. The experimental data and the comparison areFig. 6. The radial temperature profile comparison at Z¼120 mm of flame 2 (bluff body 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
Fig. 7. The radial temperature profile comparison at Z¼90 mm of flame 3 (bluff body 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
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For the swirl flames, Masri et al. [6] have measured the radial temperature profile at the axial locations Z¼10 mm,
20 mm, 40 mm, 55 mm, 75 mm, 150 mm, 175 mm. Figs. 8– 10 show the comparison of the radial temperature profiles at the
different axial positions among the experimental data and the simulation data with different A expressions. The original
modified EDM model with Alocal¼145/Re0.9t,local under predicts the peak temperature in Fig. 8 by 190 K while it over predicts
the peak temperature by 250 K in Figs. 9 and 10. On the other hand, the model with Alocal¼330/Re1.2t,local predicts the tem-
perature profiles pretty well for the swirl flow flames.
Considering the good performance of the model with Alocal¼330/Re1.2t,local on the bluff body flames and the swirl flow
flames which resemble the combustion flow field inside a gas turbine combustor, it is recommended here for gas turbine
combustion simulation to improve simulation accuracy over the standard EDMmodel. Gas turbines could use different fuels
including natural gas, propane, syngas, petrol, diesel, kerosene, and so on. In normal operating condition of regular gas
turbine combustors, the combustion flow field is in the category of strong combustion (chemical reaction is much faster
than turbulent mixing), the reactant consumption rate is indeed controlled by turbulent mixing rate and is independent of
fuel chemistry. So the modified EDM model could be used for gas turbine combustion burning different fuels.
Unfortunately, the application of the model with Alocal¼330/Re1.2t,local to the regular round jet flames by Wang [5] under
predicts flame temperature by 90–200 K (as in Fig. 11) while the original modified model with Alocal¼145/Re0.9t,local performs
very well. We could not find a universal expression for all the flames, at least with the form Alocal¼a/Rebt,local for the
parameter A of the modified EDM model. So, for gas furnace applications, the original modified EDM model with
Alocal¼145/Re0.9t,local is recommended.4. Conclusions
Eight turbulent diffusion flames including three bluff body flames and five swirl flames are studied numerically and the
results are compared with the experimental data. The purpose of the study is to improve the accuracy of the modified EDMFig. 8. The radial temperature profile comparison at Z¼40 mm of flame 6 (swirl flow 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
Fig. 10. The radial temperature profile comparison at Z¼175 mm of flame 8 (swirl flow 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
Fig. 11. The axial temperature profile comparison of flame 3 by Wang [5] (regular round jet H2 flame, experimental data is from Ref. [9]).
Fig. 9. The radial temperature profile comparison at Z¼125 mm of flame 6 (swirl flow 50%H2/50%CH4 flame, experimental data is from Ref. [6]).
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diction accuracy for all the eight flames demonstrating its applicability for non-premixed gas turbine combustion simula-
tion. However, this model under predicts the flame temperature for the regular round jet flames, the original form of the
modified EDM model should still be used for gas furnace combustion simulation. A universal form of the modified EDM
model could not be achieved so far.
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